In scanning display systems, high horizontal and vertical resolution, and high refresh rate requirements translate into large mirror-size scan-angle product and high scanner-frequency requirements. A comparison between published scan-angle mirror-size product values for MEMS scanners and a Steel mechanical scanner is presented. Current performance levels of Steel mechanical scanners are better; however, Silicon MEMS scanners have good material properties and should be able to reach and exceed the performance levels of conventional mechanical scanners. The resolution limitations of mechanical and MEMS scanners are established using dynamic mirror deformation, flexure stress, and other oscillation mode frequencies. Analytical formulas for torsional, vertical deflection mode, lateral deflection mode, and rocking mode natural frequencies are derived using mechanical beam deflection theory.
INTRODUCTION
Retinal Scanning Displays (RSD) operate by raster-scanning a modulated (either directly or externally) point light source onto the viewer's retina. RSD operation and system architecture is discussed in detail elsewhere 1, 2, 3 . RSDs typically employ two uniaxial or one biaxial scanner where the horizontal scanner is operated at resonance, and the vertical scanner is driven by a sawtooth waveform 4, 5 . The combined motions of the two scanners create a 2-D sinusoidal raster.
There are several laser scanning display implementations using non-MEMS scanners, such as acoustooptic scanners 6 , polygonal scanners 7 , and galvanometric and resonant scanners 8, 9 . MEMS scanners were mostly developed during the past two decades. MEMS technology can be used to fabricate the scanner, actuator, and scanner position sensors all integrated on the same chip in one package, which then becomes the heart of the scanning display system. Most of the MEMS scanners are low-inertia galvanometric or resonant type scanners.
The line-rate of an SVGA (800x600 pixels), 60Hz refresh rate display is 36,000 lines per second. Using a bidirectional-scanning architecture, a horizontal scanner operating at about 19 to 20 KHz is required (18,000 cycles for display plus some time for scanner retraces). At such high frequencies, the only way to lower the power requirement is to take advantage of the mechanical gain, or the Q-factor, of the scanner by operating the scanner at its mechanical resonant frequency. Resonant sinusoidal motion of the scanner takes up the least amount of power but results in pixel size and brightness variations across the scan line due to scanner speed variations. Typically, writing is halted during the extremities of the scan line to minimize the speed variation. The pixel size and brightness variations during the visible portion of the scan can be easily corrected electronically.
A resonant high-frequency horizontal scanner and a linear-ramp driven vertical scanner are the desired drive waveforms for current RSD systems. This configuration takes advantage of low power operation for the horizontal scanner and allows for good control of the vertical scanner relative to the horizontal scanner without requiring too much power, as it operates at a much lower frequency compared to the horizontal scanner.
As discussed in Section 2, scan-angle mirror-size product (θD) determines the resolution of scanning systems. In section 3, θD metric is used to compare MEMS scanners in the literature. Steel based non-MEMS scanner, which has superior performance compared to MEMS scanners, is also included in the comparison. In the remainder of the paper, we discuss mechanical design tradeoffs such as mode frequencies, dynamic deformation, and stress, and show that for those mechanical trades, Silicon has better properties than Steel. We then conclude that Silicon MEMS scanners have the potential to provide very high resolution and high frequency scanners for scanning display systems. Scanner oscillation mode frequencies are discussed in detail and approximate analytical formulas that can be used to make first order approximations are derived. Note that, drive voltage and power requirements, which are dependent on the actuator type, mirror properties, and damping are not included in this discussion.
SCANNER RESOLUTION
For display systems, the point spread function (PSF) and display modulation transfer function (MTF) are determined by diffraction from the aperture stop in the system and by system aberrations. If aberrations are controlled, then the system will be limited only by diffraction. To accommodate various aperture shapes and illumination conditions, an aperture shape factor a may be introduced to relate beam spot size s to the optical wavelength λ and system f-number f # according to Various definitions for spot size may be used, including full width at half maximum power, the 1/e 2 intensity diameter, or MTF=0.5 (which specifies the spatial period of a sinusoidal grating resolved by the system with 50% contrast ratio). The most useful definition will depend on the system function, and a values can range from 0.75 to 2 or more depending on the definition of spot size, the aperture shape, and Gaussian beam clipping at the system apertures.
If the scanner serves as the aperture stop of the system, then the number of resolvable spots can be rewritten in terms of the optical full-range scan angle θ opt , the mechanical zero-to-peak angle θ mech , and There are additional factors such as mirror overscan factor and incoming beam angle that need to be taken into account in calculating the scanner resolution for displays applications. A more detailed resolution equation is presented in Ref. 4 . The number of resolvable spots for a coherent focusing geometry system that is diffraction limited thus depends on the θD-product of the scanner. Note that, for center-pivot scanners, θD also corresponds to the motion of the edge of the scanner. Figure 1 shows a graph of requirements and measured scanner θD-product and horizontal resonant scanner frequency from a number of research publications 4, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Published scan angles are all converted to 0-to-peak mechanical scan angle. The list is not a complete list of video scanner references. There are some references that cannot be included in the figure due to the lack of clarity about the scan angle definition, and there may be some others not known to the author. To meet a given video standard, a scanning display must fall above and to the right of the indicated lines. Scanner has to meet the frequency requirement but somewhat smaller θD might be acceptable at the expense of display MTF or resolvability of high-spatial frequency features.
SCANNER COMPARISON
The scanner with the highest θD-product is a non-MEMS mechanical resonant scanner (MRS), illustrated in Figure 2 ). The MRS is made of Steel and has good magnetic and mechanical properties. The MRS can achieve SXGA resolution by scanning two beams in parallel, which reduces the SXGA frequency requirement to 16KHz. The MRS has been used in all RSDs used in military helmet-mounted display (HMD) systems. As seen from the figure, MRS has significantly better performance compared to the best performing Silicon MEMS scanners, which is the Microvision MEMS scanner used in SVGA resolution NOMAD display product 23 . The performance difference is not due to inferior material properties for Silicon, but rather due to sub-optimal designs, and fabrication and packaging problems. ) illustrate Microvision MRS and biaxial MEMS scanner. MRS is actuated using two electromagnets and operates in resonant torsional mode. Permanent magnets, U-core, scan mirror, and the base plate are all part of the magnetic circuit. The scan mirror has high magnetic permeability and the magnets at the end points of the torsion arm create a magnetic flux through the gaps on both ends between the mirror plate and the U-core. The constant DC flux creates a downward force on either end of the mirror plate and pulls the mirror down; but the net torque or twisting moment is zero. When opposing currents flow through the coils, the force is no longer balanced and the mirror starts to tilt in response to the current. When an AC current is applied, the mirror pivots periodically and can act as a scanner.
The biaxial MEMS scanner horizontal axis is actuated electrostatically using a parallel plate actuator and the vertical axis is actuated magnetically using Lorentz force. The mirror is etched on Silicon using deep reactive ion etching (DRIE) to tightly control the flexure and mirror dimensions. Vertical drive coils can be gold, copper, or some of the other metal. There are two permanent magnets on either side of the vertical scan frame (not shown in the figure) to produce a static magnetic field in the gap between the magnets. The cross product of the magnetic field along the horizontal axis and the current along the vertical axis produces a force perpendicular to the page. The opposite current direction on different sides of the coil generates forces into and out of the page, resulting in a net torque or twisting moment on the torsional scan mirror. MRS has better resolution and lower cost in small quantities compared to MEMS scanners. MEMS technology offers low-cost high-volume fabrication capability and allows biaxial scanner implementation, which reduces the size of the display system. On the other hand, due to long fabrication lead times, and packaging and yield problems, there are only very few successful optical MEMS products in the market (e.g. Texas Instruments DMD technology based DLP™ projection display systems). Microvision NOMAD display system, which was launched recently, is another example of MEMS-based display system. Figure 3 shows a rectangular-block torsional scan-mirror and Figure 4 illustrates the four oscillation modes that we refer to as the torsional, vertical, horizontal, and rocking modes. The torsional and other oscillation mode natural frequencies can be calculated using the scanner dimensions and material properties. The natural frequency for an oscillation mode (ω) can be calculated by obtaining a second order differential equation in the form: Table 2 summarizes the spring constant, mirror inertia, and natural frequency formulas for the torsional scanner. We assume that the entire bending take place at the flexures (i.e. mirror is rigid) and the mass of the flexures is negligible. This approximation is not generally valid especially when the flexure length is not very long and flexure width is not very small compared to the scan mirror length. The formulas can be used to predict the order of different modes and the relative distance between modes. Once a mirror size design point is reached, FEA should be used to verify the design.
OSCILLATION MODE NATURAL FREQUENCIES
Note that these mode frequency formulas are for rectangular block mirror and rectangular cross-section flexures. Other flexure and mirror shapes and shifts in axis of rotation can also be analyzed by substituting appropriate values of M, I m , I s , and I p for the mirror and the flexures in the corresponding formulas.
Torsional Mode: Torsional spring constant is proportional to the polar moment of inertia (I p ) of the flexure cross-section and torsional modulus of the material (G) and inversely proportional to the flexure length (L f ). The shape factor for square cross-section beam is found in Ref. 
Note that similar formulas can also be derived for the horizontal rocking mode (not shown in Figure 4 ). Horizontal rocking mode frequency is typically higher than the vertical rocking frequency and the results are not included here. 
Frequency ratio for Si E=170GPa G=51GPa
Frequency ratio for Steel E=203GPa G=78.5GPa Mode frequencies should be well separated from the torsional mode frequency and its harmonics in order to minimize power dissipation. Horizontal and vertical modes do not change the scanned beam direction. Rocking-mode, however, deflects the incoming beam perpendicular to the intended scan axis, creating an undesired off-axis motion that degrades the display image quality. Biaxial scanners should be designed such that cross coupling between the torsional and rocking modes of inner and outer scan frames are avoided.
Mirror parameters should be chosen such that rocking, horizontal, and vertical modes are not close to the torsional mode frequency or its harmonics. Table 3 presents simplified formulas for calculating the ratio of the undesired mode frequencies to the torsional mode frequency with D/L f as the parameter. Mode frequency ratio for Silicon is 13% larger than that of Steel for all modes. To obtain high Q-factor, it is desired to have the torsional mode as the first mode (mode with the smallest frequency) and to have the mode frequency ratios as large as possible. In some MRS designs, torsional mode is not the first mode but still modest Q-factor values can be obtained.
OTHER DESIGN CONSIDERATIONS
Dynamic Deformation: Both static flatness and dynamic flatness of the scanning mirror are important for image quality. Unlike surface micromachined mirrors, surface flatness for bulk micromachined mirrors can be very good (as good as the surface flatness of the original substrate). High acceleration forces during mechanical deflection of the scan mirror result in bending of the mirror. Even very small amount of deviation from linearity due to mechanical deformation can result in optical distortion of the pixel and the image. Maximum deformation occurs at the extremities of the scan. For rectangular block mirrors, the following formulas can be used to compute the maximum mirror deformation δ max , which is defined as the deviation from linearity 7. SUMMARY REMARKS Different mechanical tradeoffs imposed by mode frequencies, dynamic mirror deformation, and flexure stress can be analyzed together using the analytical formulas given above. Optimal mirror and flexure dimensions that meet the resolution and frequency requirements of high-performance displays can be calculated. Even though analytical formulas have several simplifying approximations, they are useful for design tradeoff analysis. Final designs should be evaluated using FEA.
MATERIAL COMPARISON
The scanner resolution figure of merit, θD, of Steel-based MRS and Silicon MEMS scanner are about 18deg.mm and 9deg.mm, respectively. As discussed above, Silicon has better mechanical properties than Steel and allows for higher frequency and resolution. We can conclude that the potential of MEMS is not yet fully realized. Higher performance levels can be achieved with MEMS scanners when all the engineering design tradeoffs and the fabrication related issues are better understood and resolved.
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